Finally, we show that by slowing the posterior progres-
sion of the wavefront, FGF8 treatment can increase the at the interface of the caudal undetermined and the rostral determined region ( Figures 1E-1H ). Of the four number of clock oscillations experienced by PSM cells without altering their absolute axial position in this tisreceptors for this molecule, only FGFR1 is expressed in the PSM, and it exhibits a peak of expression encomsue. Cells which experience an extra oscillation become incorporated into a differently numbered somite and passing the determination front ( Figure 1I ; Patstone et al., 1993). Given their strong gastrulation phenotype reexhibit Hox expression indicative of a more posterior fate when compared with contralateral control cells.
sulting in an almost complete absence of paraxial mesoderm, neither FGF8 nor FGFR1 null mutants in the mouse Therefore, Hox expression remains appropriate to the somitic number rather than to the original axial level of are informative with respect to the segmentation process (Sun et al., 1999; Yamaguchi et al., 1994). However, the somitic cells. Thus, our data indicate a coupling between the segmentation clock and the Hox-depena small proportion of FGFR1 mutants form paraxial mesoderm which does not segment into somites sugdent axial patterning system. gesting that this receptor is implicated in somitogenesis (Yamaguchi et al., 1992). Therefore, FGF8 and FGFR1 Results and Discussion are attractive candidates for playing a role in the control of segmental determination of the caudal PSM cells.
Caudal PSM Cells Are Labile with Respect to Their
To test whether FGF8 plays a role in the control of Segmentation Program segmental determination of PSM cells, we developed We undertook a precise analysis of when the segmentaan in ovo electroporation technique to misexpress DNA tion boundaries of PSM cells become determined. To constructs in the PSM of 10-to 20-somite stage chick do this, we performed anteroposterior (AP) inversions embryos. Primitive streak stage embryos were coelecof somite-length regions of the PSM, in 12-to 16-somite troporated with an FGF8 and a GFP expression vector stage chick embryos ( Figure 1A ). The effect of the mawhile control embryos were electroporated with GFP nipulation on segmental organization was evaluated alone. Overexpressing chick FGF8b strongly perturbed after a reincubation of 3 to 24 hr by examining the formed somitogenesis as seen by the formation of smaller somite boundaries. Since establishment of the segmensomites or the complete absence of somites in GFP tal pattern is tightly associated with the formation of the expressing regions (n ϭ 50/62) (Figures 2A-2F ). Paraprospective anterior and posterior somitic compartsagittal sections of such electroporated embryos demments, we also examined the expression of the Notch onstrate that cells that should have normally formed ligand delta1, whose expression is restricted to the caurepeated epithelial somites retained a uniform mesendal somite half.
chymal aspect (Figures 2G and 2H). Expression of In the rostral PSM, the forming caudal boundary of
Brachyury, which is normally restricted to the caudal somite 0 and somite ϪI is morphologically visible so PSM, was strongly upregulated and the expression dothat the precise delimitation of the region to be inverted main was expanded anteriorly (n ϭ 6/6, Figures 2I-2L). is possible. When the orientation of somite 0 or somite ϪI In contrast, pax3, which is expressed rostral to the dewas reversed, a somite exhibiting boundaries properly termination front, was downregulated in the domain of positioned and a perfectly reversed polarity formed (n ϭ FGF8 overexpression (n ϭ 4/4, Figures 2M and 2N ).
8/8; Figure 1B). Thus, this region is fully determined
We also examined the expression of MyoD, which is in regard to segmentation. Inversion of somite-length expressed in a segmental fashion in myotomal derivafragments in the region from somites ϪII to ϪIV resulted tives. MyoD was not detected in the region of FGF8 in the formation of ectopic boundaries and in an abnoroverexpression, suggesting that differentiation of parmal anteroposterior subdivision in the graft (n ϭ 18/ axial mesoderm derivatives was also prevented in the 27; Figure 1C ). Therefore, this region is not labile with PSM (n ϭ 6/7, Figures 2O and 2P ). In contrast, GFP respect to its segmentation program. In contrast, inveroverexpression alone had no effect on somitogenesis sion of somite-length fragments in the region from soor on expression of these different marker genes (n ϭ mite ϪV to somite ϪXII led to a normal segmentation 35/39, Figures 2C, 2D , 2G, 2I, and 2J). Altogether, these pattern, demonstrating a lack of determination for the results indicate that FGF8 is sufficient to maintain the caudal two-thirds of the PSM ( Figure 1D ; n ϭ 19/20). This caudal identity of PSM cells and suggest that downregudata demonstrate that segmental determination takes lation of FGF signaling at the level of the determination place in the PSM around the level of somite ϪIV. Befront is required for PSM cells to proceed further with cause this position is not fixed, but regresses along the their segmentation program. AP axis as somitogenesis proceeds, we term this PSM level the determination front. The determination front corresponds approximately to the zone of sensitivity to Grafting FGF8 Beads Leads to Smaller heat shock (Stern et al., 1988).
Somite Formation
To further address the role of FGF8 in segmentation, we grafted a heparin-acrylic bead soaked in FGF8b be-FGF8 Maintains the Caudal Identity of the PSM We examined the expression patterns of potential canditween the PSM and the lateral mesoderm of 10-to 20-somite stage embryos ( Figure 3A ). We reasoned that date genes which might play a role in segmental determination in the PSM. One candidate, FGF8, is a well-charwhile the gradient of endogenous FGF8 becomes progressively displaced caudally during tail-bud extension, acterized signaling molecule whose mRNA is expressed in the caudal PSM (Crossley and Martin, 1995). It is the bead will remain at a constant axial level, and thus the operation will locally alter the putative FGF8 concenexpressed in a graded fashion extending from the primitive streak/tail bud to the level of the determination front, tration gradient in the adjacent PSM. The effect of FGF8 beads on segmentation was examined after 18-24 hr of in a stronger effect similar to that seen in electroporated embryos. In this case the operation led to an absence incubation, when the region adjacent to the bead had formed somites. In embryos grafted with beads soaked of somitic boundary formation immediately rostral to the bead over a distance of up to three somites whereas in FGF8, somites appeared smaller on the operated side, becoming offset from those on the control side over a up to three smaller somites form rostral to this zone (not shown). region which could extend up to 6-7 somites rostral to the bead (n ϭ 27/33, Figures 3B, 4A, and 4B) . Thus, the When the bead was placed midway between the caudal-most PSM and S-IV, only the part of the PSM which bead acts on cells located close to the level of the determination front at the time of bead implantation was located between the bead and the somite ϪIV was affected ( Figures 3C and 3D , n ϭ 6/7). Cells located ( Figure 3A) where the peak of FGFR1 expression is seen ( Figure 1I ). Caudally to the grafted bead, a larger somite caudal to the bead never form small somites even though they are competent to do so if FGF8 were proformed and thereafter a normal segmental pattern was observed ( Figure 3B ). In this manner, the total number vided to them from a caudal source. No effect on segmentation was ever detected in cells which were rostral of somites was the same in the operated and control sides. Implantation of the beads within the PSM resulted to the somite ϪIV at the time of surgery, even when A comparison of the number of labeled cells in the conBecause FGF8 and FGF4 elicit similar biological retrol and experimental regions rostral to the bead in emsponses in most assays examined thus far, we tested bryos reincubated for up to 9 hr revealed no significant the specificity of the effect of FGF8 on segmentation by differences in cell proliferation. Similar counts pergrafting FGF4 beads lateral to the caudal PSM. FGF4 formed in embryos grafted with control beads showed beads caused a symmetric short-range disruption in no differences in the number of proliferating (n ϭ 2) and the rostro-caudal organization of the somites located apoptotic (n ϭ 2) cells between the two sides ( Figure 4F ). immediately adjacent to the bead ( Figure 3G ; n ϭ 5/8).
We examined whether FGF8 would diminish the numThis suggests that either FGF8 differs greatly from FGF4 ber of cells in the region rostral to the bead by inducing in its diffusion properties, or that a different relay mechaa caudal migration of PSM cells out of this area. To test nism is at work. We also compared the effect of FGF8 this hypothesis, we labeled groups of mesodermal cells to that of the TGF␤ family factor BMP4 in similar experilocated in the most caudal part of the PSM with DiI at mental conditions. Grafting a bead soaked in BMP4 rethe same axial level on both sides of the embryo (Figure vealed that it acts over a distance similar to that seen 4G). An FGF8 bead was then implanted caudal to one with FGF8 beads by downregulating paraxis. However, of these labeled groups and the embryo was incubated unlike FGF8, this effect is seen over the same distance until the labeled cells were incorporated into somites. anterior and posterior to the bead.
In all cases (n ϭ 15), labeled cells remained at the same Taken together, these results indicate that a source axial level on both sides of the embryo, whereas shifts of FGF8 provided caudally can modify the size of soin somite boundaries were observed in the region of mites by acting at the level of the determination front labeled cells ( Figure 4H ). In the region closest to the in the PSM. The number of but not on the other were never seen, suggesting that cells of the enlarged somites was also found to be signifithe smaller somites on the operated side form at the catively higher than that of the somite found immediately same pace as those of the control side. To determine rostral in the same embryos (n ϭ 3, see Experimental whether FGF8 acts on the pace of the segmentation Procedures and Figure 5C ). clock, we performed in situ hybridization on grafted emTo better characterize the effect of SU5402 treatment bryos with the cycling genes c-hairy2 (n ϭ 5) and Lunatic on the PSM, we compared the effect of blocking FGF Fringe (n ϭ 24) (Figures 4I and 4J) .
signaling in half-embryos cultured in medium containing Expression patterns of the cycling genes have been SU5402 for the same time period as the control contraclassified into three phases corresponding to the prolateral half. We compared the expression of markers for gression of the wave of expression along the PSM (Palthe rostral and caudal PSM domains, namely paraxis (n ϭ meirim et al., 1997). In phase I, the genes are expressed 6), FGF8 (n ϭ 5), and Brachyury (n ϭ 3), in the cultured in a broad caudal domain extending up to the level of half-embryos ( Figures 5D and 5F and data not shown). somite ϪIV (Figure 4I ). In phases II and III, the cyclic
The rostral boundary of the FGF8 and Brachyury expresgenes are expressed in the rostral PSM ( Figure 4J ). In sion domains were shifted more caudally in drug-treated embryos grafted with an FGF8 bead and examined durhalf-embryos, suggesting that the determination front ing the determination of the smaller somites, the two was displaced caudally. In contrast, the caudal boundembryonic sides were always found to be in the same ary of the paraxis domain was not affected. We also phase of the clock cycle indicating that FGF8 does not examined the expression of the cycling genes c-hairy2 modify the period of the oscillation of the cycling genes (n ϭ 8) and Lunatic Fringe (n ϭ 3) and observed no phase ( Figures 4I and 4J) . differences in the treated and control halves (Figure 5E However, an examination of grafted embryos which and data not shown). However, the rostral boundary of were in phase I of the clock cycle reveals a rostral extenthe phase I expression domain was shifted caudally sion of the caudal expression domain on the grafted ( Figure 5E ). Thus SU5402 acts at the determination front side ( Figure 4I ). This observation suggests that ectopic level by inducing a caudal shift of somite boundaries FGF8 induces a rostral extension of the undetermined resulting in formation of larger somites. region. To further characterize this effect, in situ hybridizations were performed on grafted embryos with mark-FGF8 Treatment Shifts Somitic Hox Gene ers associated with either the rostral determined region, Boundaries Anteriorly such as paraxis (n ϭ 8) or with the caudal undetermined During the production of smaller somites following the region such as FGF8 (n ϭ 10) and Brachyury (n ϭ 6). A graft of an FGF8 bead, the PSM becomes extended rostral extension of the expression domains of both rostrally by a length of up to one somite on the operated FGF8 and Brachyury and a rostral shift of the paraxis side (compare the position of S0 on the two sides in expression domain were observed (Figures 4K-4M) . Figure 7A) , and adopt Hox genes can be altered experimentally. We therefore a boundary fate (blue) if they are juxtaposed to cells in term this level the "determination front" of the PSM. Our a different phase of the segmentation cycle (in black, data demonstrate that FGF8, which is strongly ex- Figure 7A ). Due to the oscillating nature of the cycling pressed in the caudal-most PSM and then in a graded genes, this interface is transient, and so a small group fashion up to the level of the determination front, plays of boundary cells are generated once per 90 min cycle. an important role in maintaining cells of the caudal PSM This model does not imply that formation of the boundundetermined and thus in positioning the determination aries actually occurs at the determination front level but front. Furthermore, by altering FGF signaling in the PSM, that the boundary would be specified at this level and we show that this pathway acts at the level of the deteronly forms at the rostral level of the PSM. Alternatively mination front to control the positioning of segmental such a mechanism could also create an interface beboundaries.
tween cells allocated to future consecutive somites We propose a model in which the future somite boundwhich could subsequently be transformed into a segaries are periodically specified by the segmentation mental boundary. clock at the determination front level ( Figure 7A) . A movie Grafting an FGF8 bead does not alter the pace of presenting this model is available as supplemental data the clock but displaces rostrally the determination front to this article (at http://www.cell.com/cgi/content/full/ ( Figure 7B, magenta line) . Thus, boundary specification 106/2/219/DC1). Our experiments suggest that the dewill occur more rostrally in the PSM resulting in less termination front represents the site at which FGF8 concells being allocated to the prospective somite anterior centration drops below a critical threshold, thereby perto the boundary. Conversely, when FGF signaling is blocked by SU5402, there is still no effect on the period mitting segmental determination of prospective somites in the PSM. As a result, segments are formed in a rostralto-caudal fashion at a temporal frequency defined by the clock, and a spacing defined by the speed of wavefront progression in the PSM. The periodic expression of the cyclic genes has provided evidence for the existence of such a clock (Palmeirim et al., 1997) . In addition, our results indicating that segmental boundaries are actually determined at the level of the determination front suggest that this level marks the true position of the wavefront in the PSM.
In the clock and wavefront model, somite size is a function of the period of the clock and of the speed of wavefront progression in the PSM. Production of smaller somites can be acheived either by accelerating the clock while the speed of the wavefront is kept constant or by slowing down the progression of the wavefront while keeping the period of the clock oscillations constant. Our results do not resemble an example of the first possibility because (1) whereas speeding the clock on the bead-grafted side would lead to asynchrony in the timing of boundary formation, somitic boundaries always form in synchrony between the control and grafted sides; and (2) the period of oscillation of the cycling genes is not affected by the bead graft.
In contrast, our observations do seem to represent an example of the second possibility. Normally, the relative position of the wavefront in the PSM is maintained at a constant level because its absolute position along the AP axis is constantly receding at the speed of somitogenesis during caudal embryo extension. Slowing down the wavefront while the speed of the caudal extension of the embryo is not changed will result in the relative position of the wavefront in the PSM becoming progressively displaced rostrally. In embryos grafted with an FGF bead, we observed that the determination front is shifted rostrally in the PSM in comparison to the control side. Thus, whereas FGF bead grafts do not modify the period of the clock oscillation, their effect can be interpreted as slowing down wavefront progression in the PSM, assuming that the wavefront corresponds to the determination front. A similar explanation could apply to the SU5402 inhibitor treatment which does not affect the period of the clock but would speed up the graded methanol solution series and processed in whole mount as The forming somite, in which the caudal border is not completely described in Stern (1998). Anti-Histone H3 primary antibody was formed, is referred to as somite 0. The remaining PSM tissue is used at 1/1000 and anti-rabbit IgG coupled to HRP (Jackson labs) divided into units of one somite in length (100-150 m) as measured was used to 1/100. Apoptosis was assayed by TUNEL (Apoptag kit, by a lens reticle. Each unit is identified by a negative roman number Oncor) on whole-mount embryos as described in Yamamoto and with respect to its position along the AP axis in reference to somite Henderson (1999). 0 ( Figure 1A) . Usually 12 to 14 units are present in the PSM. We refer to these units as "presumptive somites."
DiI Labeling
DiI crystals (Molecular Probes) were dissolved in ethanol to a final Surgery: Inversions of Presumptive Somites Inversions of PSM fragments were performed in ovo. The ectoderm concentration of 1 mg/ml. After removal of the overlying ectoderm, small groups of PSM cells were labeled at the same axial level on overlying the PSM was peeled back using tungsten needles. The region of interest was delimited by transverse and parasagittal inciboth sides of the embryo by pressure injection using a Picospritzer II injector with micropipettes ‫5ف(‬ m of diameter). Dye applications sions through the mesoderm, isolated, and immediately replaced in an inverted AP orientation. Small amounts of pancreatin (GIBCO)
were performed under a Leica MZFLIII stereomicroscope equipped with rhodamine fluorescent filters. After labeling, embryos which were added to facilitate the dissection. The ends of the inverted tissue were marked with carbon particles. After the operation, emhad received focal injections at exactly equivalent AP positions were selected and implanted with an FGF8b bead in the vicinity of one bryos were allowed to develop for 3 to 24 hr, until the grafted tissue had segmented. Embryos were then fixed and hybridized with the group of labeled cells. These embryos were reincubated until the region adjacent to the bead was fully segmented. delta1 probe.
